Abstract. To assess the role of clathrin in the bulk endocytic flow of rat foetal fibroblasts, the rate of internalization of fluid-phase and membrane-lipid tracers were compared, under control conditions and after inhibition of endocytic clathrin-coated pit formation. After intracellular potassium depletion or upon cell transfer into 0.35 M NaC1, the rate of internalization of receptor-bound transferrin and the residual membrane area of plasmalemmal clathrin-coated pits and vesicles were similarly decreased by •90%. In contrast, the initial rate (<5 min) of intracellular accumulation of the fluid-phase tracer HRP was not affected. Both in control and treated cells, the rate of HRP accumulation declined after --5 min, and was twofold lower in treated cells, due to enhanced regurgitation. After correction for regurgitation, the endocytic rate constant was similar to measurements at shorter intervals and identical in control and treated cells. Similarly, the rate of internalization and the steady-state level of intracellular accumulation of two fluorescent lipid derivatives, 6-[N-(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]hexanoylglucosylsphingosine (C6-NBDGlcCer) and 1-[4-(trimethylamino)phenyl]-6-phenylhexa-l,3,5-triene (TMA-DPH), were not affected by potassium depletion, indicating that the endocytic membrane traffic was equally preserved. Finally, the size distribution of primary endocytic particles that were accessible to HRP within 15 s before glutaraldehyde fixation was also indistinguishable in control and potassium-depleted cells. The simplest explanation is that clathrin polymerization is necessary to concentrate receptor-bound ligands in primary endocytic vesicles, but superfluous to the basic endocytic machinery in rat foetal fibroblasts. large variety of transmembrane proteins are rapidly internalized by a clathrin-associated pathway (for review see 54). Interaction between a specific sequence of their cytoplasmic domain and the AP2 complex (26, 44) promotes a ,x,10-fold concentration into clathrincoated pits, resulting in highly efficient endocytosis (17, 45, 55, 68) . Other molecules, that do not apparently require a direct interaction with AP2 complex, are also internalized by the clathrin-associated pathway (32, 34, 37, 50) . These studies, as well as quantitative analysis on bulk fluid and membrane endocytosis, led to the proposal that pinocytosis could be fully explained by clathrin-coated pits and vesicles (34).
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However, two lines of evidence argue against this simple hypothesis (for reviews see 65, 69) . First, fluid-phase endocytosis can be enhanced, independently of the clathrinassociated pathway, by the induction of macropinocytosis (2, 22, 27, 46) . Second, a large body of evidence supports the existence of clathrin-independent pinocytosis, different from macropinocytosis. For example, some molecules appear to be excluded from coated pits and to be internalized through non-clathrin-coated pits and delivered to endosomes (8, 42, 47, 59) .
Caveolae, the omega-shaped invaginations of the plasma membrane with a uniform diameter of ~50 nm, seemed an attractive candidate for clathrin-independent pinoeytosis. These pits are devoid of a clathrin coat and are covered instead by caveolin/VIP21 (13, 48) . However, caveolae have been assigned a function of potocytosis, which is conceptually different from endocytosis, since it does not apparently involve budding of surface pits into primary endocytic vesicles (53, for reviews see 1, 66) .
Direct evidence for clathrin-independent pinocytosis, distinct from macropinocytosis or potocytosis, was provided using techniques blocking the clathrin-coated endocytic pathway, such as intracellular potassium depletion (30) , incubation in an hypertonic medium (11) and cytosolic acidification (49) . These controlled perturbations severely inhibit receptor-mediated endocytosis by clathrin-coated pits (9, 11, 14, 16, 25, 30-32, 37, 40, 41, 49, 50) , but have little or no effect on the accumulation of fluid-phase or adsorptive endocytic tracers (11, 16, 32, 40, 41, 49) . However, to what extent net accumulation of fluid-phase tracers provided accurate es-timation of fluid-phase endocytosis was not entirely clear. Indeed, intracellular accumulation is the result of endocytosis and regurgitation into the extracellular medium (4, 5, 10, 57).
Evidence was also reported supporting the coexistence of clathrin-associated and clathrin-independent pathways in untreated HEp-2 cells, where only non-clathrin-coated endocytic structures remained detected after potassium depletion (16) . The diameter of clathrin-independent endocytic vesicles was found to be very close to that of clathrin-coated vesicles (16) and tracers internalized by the two routes appeared to converge into the same endosomes (18, 59) .
Whereas such studies clearly show that pinocytosis can proceed through clathrin-coated and non-clathrin-coated pits and vesicles, they do not address the respective contribution of these two pathways to the constitutive bulk fluid and membrane flow, especially in nontransformed cells. In the absence of a specific tracer of clathrin-independent pinocytosis, we decided to block the clathrin-associated pathway by two reversible perturbations, potassium depletion and hypertonicity, and to measure the residual endocytic activity in rat foetal fibroblasts. The use of two treatments seemed necessary to exclude trivial artifacts of either procedure. Exact biochemical measurements of the rates of fluid and membrane entry, corrected for regurgitation and recycling, would predict the surface/volume ratio and the abundance of the two types of primary endocytic vesicles, that could be searched by ultrastructural cytochemistry and morphometry. If the two perturbations would also affect the clathrinindependent pathway, the study was expected to provide some insights on its regulation. To our surprise, we found that fluid and membrane endocytosis and the size distribution of primary endocytic vesicles were indistinguishable in control and treated cells, indicating that clathrin polymerization is superfluous to the basic endocytic machinery in nontransformed rat foetal fibroblasts.
Materials and Methods

Cell Culture
Rat foetal fibroblasts were isolated as described by Tulkens et al. (61) and grown in culture medium made of DME (GIBCO BRL, Gaithersburg, MD), supplemented by 20 mM glucose, 4 mM glutamine, 10 mM NaHCO3, 10 mM Hepes, 10 #g/ml streptomycin, 66 #g/ml penicillin, and 10% (vol/vol) FCS (GIBCO BRL). Cultures were expanded in 175-cm 2 flasks (Nunc, R~skilde, Denmark) at 37*C, under 8% CO2 in an humidified incubator. For the experiments, cells were detached by 5 mM EDTA in PBS (137 mM NaCI, 2.7 mM KCI, 8 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.4), centrifuged for 10 min at 920 rpm (centrifuge GR 4.11, Jouan Inc., Winchester, PA), resuspended in culture medium and seeded on 9.6 cm 2 (biochemical experiments) or 78.5 cm 2 (morphological experiments) plastic Petri dishes (Nunc). All experiments were carried out the day following the second subculture, at near comquency. Results summarized in this paper compile data from seven primary isolates, without significant variation with time.
Potassium Depletion and Hypertonic Treatment
Control cells were rinsed once with PBS-Ca 2+ (137 mM NaC1, 5.4 mM KC1, 0.34 mM Na2HPO4, 0.44 mM KI-I2PO4, 3.6 mM CaCI2, and 0.74 mM MgSO4) and then incubated into the simplified medium described by Madshus et al. (31) (140 mM NaC1, 10 mM KCI, 1 mM CaC12, 1 mM MgC12, 20 mM Hepes, 5.5 m_M glucose, and 1% (vol/vol) BSA, pH 7.4). The rate of transferrin endocytosis was identical with 5 or 10 mM KCI.
Potassium depletion was performed according to Madshus et al. (31, 32) . Cells were rinsed once with PBS-Ca 2+ and submitted to a 5-rain hypotonic shock in DME/H20 (1:1) at 37°C. Cells were then rapidly rinsed once with simplified medium devoid of KCI and incubated in this medium for 1 h at 37°C, before addition of endocytic tracers. As assayed by flame spectrophotometry, this technique led to a ,096% loss of intracellular potassium, that was fully reversible.
For hypertonic treatment, cells were rinsed once with PBS-Ca 2+ and transferred in simplified medium, where final NaC! concentration was brought to 350 mM 20 rain before addition of endocytic tracers. All subsequent incubations and washings were also performed in 350 mM NaC1.
Lactate dehydrogenase was assayed as described by Bergmeyr and Bernt (3) . Cell volume and pH were measured by equilibration with 14C-urea and partition with t4C-benzoic acid, respectively (9, 31) .
Receptor-mediated Endocytosis of Transferrin
Iron-saturated transferrin (Sigma Chem. Co., St. Louis, MO) was labeled by 125I iodine (100 mCi/mi; Amersham Corp., Arlington Heights, IL) as described by McFarlane (33) , to a specific radioactivity of 700-1000 cpm/ng of protein. Control, potassium-depleted or NaCl-treated cells ('045,000/cm 2 dish) were incubated at 370C in the appropriate simplified medium (normal, without KCI or hypertonic) containing 50 nM 125I-transferrin, rapidly cooled down to 4°C (by dipping dishes into ice-cold PBS-Ca2+), washed five times with PBS-Ca 2+, surface digested for 1 h with 0.3% (wt/vol) pronase (Boehringer Mannheim Corp., Indianapolis, IN) in DME, and pelleted with a table microfuge (Beckman Instrs., Carlsbad, CA) for 1 rain at 4°C. The supernatant was recovered and the pellet was finally washed directly twice with PBS-Ca 2+ and lysed in 0.01% (vol/vol) Triton X-100 (Serva Biochemicals, Paramus, NJ). The pronaseresistant fraction, corresponding to the cell pellet, was taken as a measure of intracellular transferrin and was assayed for protein and radioactivity; the supernatant, containing the pronase-sensitive fraction, was considered as cell surface-bound transferrin and was assayed for radioactivity. This technique released 98% of ~25I-transferrin that could bind to the cell surface at 4"C. Proteins were measured according to Lowry, using BSA as a standard. 125I radioactivity was determined using a gamma counter (1275 Minigamma; LKB ~k~allac, Sollentuna, Sweden).
Fluid-phase Endocytosis of HRP
Control, potassium-depleted or NaCl-treated cells were incubated at 370C in the appropriate simplified medium (normal, without KCI or hypertonic) containing 1 to 10 mg/ml HRP (grade II; Boehringer Mannheim Corp.), for the indicated intervals. They were then transferred at 4°C and extensively washed: three times 30 s with simplified medium without BSA, once for 5 min and once for 1 rain with simplified medium containing 10% outdated newborn calf serum (previously dialyzed against 155 mM NaC1), and finally five times 30 s with simplified medium without BSA. This extensive washing procedure allowed to remove essentially all HRP adsorbed to the cell surface, since incubation at 4°C with 2 mg/ml HRP, followed by extensive washings led to no detectable peroxidase activity (<1 ng/rng cell protein). Cells were finally lysed in 0.01% (vol/vol) Triton X-100 and scraped off with a rubber policeman. HRP activity in the lysate was measured by the stopped colorimetrie assay using ortho-dianisidine as a substrate, according to Steinman et al. (56) , and expressed with respect to the protein content.
For pulse-chase experiments, control, potassium-depleted or NaCItreated cells were incubated at 37"C for various intervals in the appropriate medium containing 2-8 mg/mi HRP, washed as described above, and reincuhated at 37"C in HRP-free medium, for the indicated intervals. Thereafter, cells were rapidly washed at 40C three times 30 s with PBS-Ca 2+, lysed and assayed for HRP activity and protein content.
Ct-NBD-GIcCer Endocytosis
Uptake and recycling of C6-[N-(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-hexanoylglucosylsphingosine (C6-NBD-GIcCer) 1, kindly provided by Professor D. Hoekstra (University of Groningen, The Netherlands) was per- formed as described by Kok et al. (28) . Control or potassium-depleted cells were first incubated in the appropriate simplified medium at 37°C for 1 h, transferred at 4oC and washed three times with ice-cold 155 mM NaC1. ~0o They were then incubated at 4°C for 30 rain in simplified medium without BSA, but containing 1 #M C6-NBD-GlcCer. Cells were washed five times 1600 with ice-cold 155 mM NaCI and reincubated at 37"C in the appropriate sime120o plified medium without BSA for the indicated intervals. At the end of the pulse, cells were transferred again at 40C, washed three times 30 s with o PBS-Ca 2+, four times 15 rain with PBS-Ca 2+ containing 5% BSA (wt/vol) a. m0 and 10 times 30 s with PBS-Ca 2+ (back-exchange procedure). Finally, cells were Iy'~d in 0.01% Triton X-100 and scraped with a rubber policeman. C6-4oo NBD-GIcCer content was quantitated in a spectrofluorimeter (SFM25; Kontron Analytical, Milan, Italy) with excitation at 465 um and emission ~ o~ at 530 rim, by reference to a known amount of C6-NBD-GlcCer. The backexchange procedure released 94% of the labeling. ~ lm For recycling studies, C6-NBD-GlcCer was incorporated at 4°C, internalized for various intervals at 37°C, and back-exchanged at 4°C as de-~ 1200 scribed above. Ceils were then reincubated in simplified medium at 370C o for the indicated periods of chase. After a second back-exchange, C6-NBD-E
8oo
GlcCer was quantitated in cell lysates as described above.
TMA-DPH Endocytosis
Internalization of 1-[4-(trimethylamino)phenyl]-6-phenylhexa-l,3,5-triene (TMA-DPH), kindly provided by Professor Kuhry (University of Strasbourg, France), was performed according to Illinger and Kuhry (24). Control or potassium-depleted cells were first incubated in the appropriate simplified medium at 37°C for 1 h, transferred at 4°C and washed three times with ice-cold 155 mM NaC1. They were surface-labeled by incubation in the appropriate simplified medium containing 2 #M TMA-DPH for 2 vain at 4°C, then transferred to 37"C and incubated in the same prewarmed medium for the indicated intervals. At the end of the incubation, they were rapidly washed five times with PBS-Ca 2+ at 4°C, carefully detached from the Petri dishes with a cell lifter (Costar) and immediately assayed for fluorescence with a fluorimeter (Perkin-Elmer 1000; The Perkin-Elmer Corp., Norwalk, CT), with excitation at 362 um and emission at 435 ran. The reversibility of the plasma membrane labeling with TMA-DPH was consistently more extensive than for C6-NBD-G1Cer (98 versus 94%). Hence, measurements obtained after 5 min of tracer internalization with TMA-DPH should be considered as more accurate.
Electron Microscopy and WickseU's Transformation
Control, potassium-depleted or NaCl-treated cells were rapidly rinsed with 155 mM NaC1, fixed by 2 % (vol/vol) glutaraidehyde in 0.1 M sodium cacodylate buffer, pH 7.4, for 30 min at 4"C, and washed again three times for 10 min with 50 mM Tris-HCt, pH 6.0. Cells were postfixed with a 1% (wt/vol) OSO4-2% IGFe(CN)6 solutioli, stained en bloc with 1% uranyl acetate for 2 h and pelleted in 2 % agar. Pellets were dehydrated in graded ethanol and embedded in Spurr. Ultrathin (50 nm nominal) sections were obtained with a Reichert ultramicrotome (Reichert, Wien, Austria), collected on rhodanium 400 mesh grids and contrasted with 3 % uranyl acetate for 10 rain, followed by lead citrate for 10 min. Grids were washed with water, dried, and examined in a Philips 301 electron microscope operating at 60 kV.
To characterize the population of endocytic clathrin-coated round pits and vesicles, the diameter of round-shaped bristle coated profiles in continuity with, or located at less than 1 #m from the sectioned cell surface, was measured from random pictures. Size distributions of profiles were submined to the Wicksell's transformation on a PS 2/55SX (IBM), to estimate the corresponding distribution of particles in the fixed tissue. The abundance of particles per #m 3 of cell was also determined, so that total membrane area and ~lume of endocytic clathrin-coated compartment per #m 3 cell could be deduced on the basis of the average values of particles, not of profiles.
Peroxidase Cytochemistry and Size Distribution of
HRP-labeled Endocytic Vesicles
For ultrastructural HRP cytochemistry, control or potassium-depleted cells were pulse-labeled at 37°C for 15-60 s with 8 mg/mi HRP (grade II; Boehringer Mannheim Corp.) in the appropriate simplified medium, immediately cooled down, washed as for biochemical studies, and fixed as described above. Peroxidase cytochemistry was then performed. Cells were washed three times for 10 min in 50 mM Tris-HC1, pH 6.0, preincubated in the dark for 15 min in the same buffer containing 2 mg/ml diaminobenzidine (Sigma Chem. Co.). This medium was prepared extemporaneously, adjusted to pH 6.0, supplemented with 25 mM thimerosal (Sigma Chem. Co.), and filtered through 0.22-#m pore filters (Millipore Corp., Bedford, MA). The addition of thimerosal was found to increase the ultrastructural contrast and to decrease the diffusion of the reaction product outside vesicles (Courtoy, P. J., manuscript in preparation). The cytochemical reaction was started by the addition of 0.02 % (vol/vol) H202 and allowed to develop for 30 min in the dark. Cells were then rinsed three times for 10 rain in 50 mM Tris-HCl, pH 6.0, postfixed for 1 h at 4"C in the osmiumferrocyanide solution and processed for electron microscopy as described above. Sections were surveyed at the electron microscope and all HRPlabeled profiles were photographed. Micrographs were scanned (IBM scanner type 3119 S/N 97 and IBM PSI2 55 SX) and analyzed for size distribution of profiles, using Image 1.44 computer program (National Institutes of Health, public domain). Size distributions of particles were deduced by the Wickselrs transformation as above.
Results
Receptor-mediated Endocytosis of Transferrin
Inhibition of the clathrin-depcndent pinocytic pathway in rat fibroblasts by potassium depletion and by incubation in hypertonic medium was first examined following receptormediated endocytosis of transferrin. Potassium depletion in simplified medium was effective after "~45 rain and resulted in a 90% decrease of the subsequent intracellular accumulation of transferrin, while a twofold increase of surface-bound transferrin was observed ( Table I. 1, a and c). Whether the rate of internalization of surfacebound transferrin was 0.12/min for control cells, it fell to *0.01/min after potassium depletion. The actual inhibition of endocytosis of bound transferrin was thus ",~95 %. When cells were incubated in DME without KC1, instead of simplified medium without KCI, a similar level of potassium depletion (>95 % loss) was observed, but surprisingly, transferrin internalization was not affected.
Hypertonic treatment was immediately effective (<5 rain), causing a 80% decrease of intracellular transferrin accumulation and a slight decrease in transferrin binding after 5 min (Fig. 1, b and d) . Thus, the two perturbations proved appropriate to severely inhibit receptor-mediated endocytosis, i.e., the clathrin-dependent endocytic pathway, in rat foetal fibroblasts. However, hypertonic treatment consistently resulted in some loss (10-15%) of cell protein, indicating that the procedure was less well tolerated than potassium depletion. Nevertheless, lactate dehydrogenase activity per nag cell protein remained unaffected and the effect of hypertonicity on ~:5I-transferrin endocytosis, as for potassium depletion, was fully reversible. The cellular potassium content was not appreciably affected by hypertonicity. Neither potassium depletion, nor hypertonic treatment significantly altered cytosolic pH (control, 7.4 q-0.1; potassium depletion, 7.3 + 0.1; hypertonicity, 7.4 + 0.1).
Morphometry of Endocytic Clathrin-coated Particles
To correlate the inhibition of receptor-mediated endocytosis of transferrin with ultrastructural alterations of clathrincoated endocytic pits and vesicles, we surveyed the cell surface of control, potassium-depleted and NaCl-treated cells in random micrographs, and analyzed clathrin-coated profles by morphometry. All structures covered with a typical bristle coat that were in continuity with the plasma membrane in the plane of the section or at <1 t~m from the plasma membrane profile were considered as endocytic coated pits and vesicles. The actual average dimensions of clathrincoated particles in glutaraldehyde-fxed cells were further computed from the observed size distribution of profiles by applying the Wicksell's transformation.
In control rat foetal fibroblasts, peripheral clathrin-coated particles, presumably endocytic, had an average radius of 74.5 nm (Fig. 2 and Table I ). Their abundance was estimated at 0.52//~m 3 cell, corresponding to --1555 particles/cell (the average volume of a rat foetal fbroblast, based on four independent determinations, was 2990 + 150/zm3). same material and experimental protocol as for Fig. 2 . " Owing to the limited number of coated profiles in treated cells, data are obviously approximate.
The effect of potassium depletion and incubation in hypertonic medium on peripheral clathrin-coated particles were comparable: the average radius was decreased ,,,1.6-fold, while their abundance was reduced approximately threefold ( Fig. 2 and Table I ). As a consequence, the total area and the fractional volume of clathrin-coated endocytic structures in treated ceils were reduced to 10--14% and 6--9% of controis, respectively. These estimates of the endocytic clathrincoated area are in excellent agreement with the biochemical measurements of the inhibition of receptor-mediated endocytosis of transferrin. They further imply that the contribution of the clathrin-coated pathway to fluid pinocytosis would also be severely decreased. Hence, we measured the rate of fluid-phase endocytosis in control and treated cells.
Fluid-phase Endocytosis: HRP Accumulation
In our hands, horseradish peroxidase, combined with the extensive washing procedure described in Materials and Methods, did not result in detectable accumulation at 4°C and its uptake at 37°C yielded the best estimates of fluidphase endocytosis in rat foetal fibroblasts. Indeed, its accumulation after 60 rain uptake was proportional to the extracellular concentration between 0.5 and 16 mg/ml and consistently resulted in lower estimates than those observed for 3H-sucrose, 3H-inulin and much lower values than those found with '2q-BSA (data not shown). Rat foetal fibroblasts do not have any detectable endogenous peroxidatic activity.
Accumulation of HRP in control and treated cells showed a rapid linear phase, followed after 5 min by a slower linear phase (Fig. 3) . The decrease in the rate of HRP accumulation after 5 min is attributed to an intermediate compartment regurgitating its content. Direct evaluation of the rate of fluid-phase endocytosis was thus limited to pulses of 1-4 rain, assuming that HRP regurgitation was negligible during this interval. Based on these short intervals of HRP uptake, clearance by fluid-phase endocytosis was estimated at 267 + 44 nl/h/mg cell protein (n = 4; Table II ).
In potassium-depleted cells, HRP accumulation was comparable (292 + 59 nl/h/mg cell protein (n = 4) to that of control cells during short pulses (1-4 rain), but decreased to 40 to 60% of control cells thereafter (Fig. 3, a and b and Table II). Similar observations were made after hypertonic treatment (Fig. 3, c and d Table 11 ). Each value is the mean +SD of 4 to 12 dishes, compiled from 2 to 4 experiments. ng/h/mg cell protein). The effects of both perturbations on fluid-phase endocytosis were also fully reversible. A comparable initial rate of fluid-phase endocytosis followed by a lower accumulation suggested that the two treatments did not affect fluid-phase entry, but rather affected the partitioning of tracer between sequestrative and regurgitative pathways.
Fluid-phase Endocytosis: HRP Regurgitation
Regurgitation was measured using pulse-chase experiments. We performed pulses of 5 to 60 min in presence of HRP and results were expressed as the residual fraction of internalized tracer versus time of chase. For all conditions and times tested, regurgitation showed an exponential decay. In control ceils, the releasable HRP fraction reached 33 % of accumulated tracer after a 5-min pulse (Fig. 4 a) , 29 % after a 15-min pulse (Fig. 4 b) and 22% after a 30-and 60- (Fig. 4 c) or longer pulses (120-240 min, data not shown). This indicates that after filling of an early, readily regurgitating compartment, the total endocytic compartment open to regurgitation is progressively equilibrating, reaching a steady-state after •30 min, in which the fraction of releasable HRP remains constant. If the chase was performed at 4°C, HRP loss was --2 %, confirming that HRP released at 37°C originated from an intracellular compartment.
The plateau attained after m50 min suggests that after this time, HRP has either left an endocytic compartment by regurgitation, or was sequestered en route to a degradative compartment. The exponential parameter (see Appendix), deduced from regurgitation at equilibrium, is 0.053/min (Ta-,ble HI). In other words, m5.3% of the endocytic compartment open to regurgitation was filled by endocytosed fluid every minute. The sum of HRP activity regurgitated and remaining inside the cells at all time points was 98 + 13% of the value at the beginning of the chase, indicating that degradation could be neglected in these experiments.
Fluid-phase endocytosis rate can be estimated as the sum of accumulation and regurgitation rates. When normalized to an extracellular HRP concentration of 1 mg/ml, the rate of regurgitation at equilibrium, estimated by the initial slope of HRP release after 30-or 60-min pulse, amounted to 106 + 14 ng/h/mg cell protein. Adding the rate of HRP accumulation at the same concentration after >130 min (155 + 19 ng/h/mg cell protein) yields the estimation of fluid-phase endocytosis in control cells at 261 + 13 ng or nl/h/mg cell protein, a value very close to the direct measurement using short pulses, as described above (Table II) . For potassium depletion and hypertonicity, the HRP releasable fraction was increased approximately twofold compared to control cells: 69% after a 5-min pulse (Fig. 4  a) , and 60% after a 15-min pulse (Fig. 4 b) . As in control cells, a steady-state was also observed for pulses >/30 min, at which the HRP releasable fraction was 45% for potassium-depleted cells and 35% for NaCl-treated cells (Fig. 4 c) . The corresponding exponential parameters at equilibrium indicate that *11% of the available endocytic compartment open to regurgitation was filled with endocytosed fluid every minute in perturbed cells (Table III) . Regurgitation at equilibrium, estimated by the initial slope of HRP release after 30-or 60-min pulses, amounted to 192 + 35 ng/h/mg cell protein. As a consequence, the corrected measurement of fluid-phase endocytosis is very close to that of the control cells (266 + 41 ng/h/mg cell protein, Table  II) . Hence, the twofold decrease of HRP intracellular accumulation after uptake >5 min observed in treated cells, could be fully accounted for by a comparable increase of regurgitation.
Since fluid-phase endocytosis was maintained in cells when the clathrin-dependent endocytosis was severely inhibited, we next focused on the effects of potassium depletion on the membrane endocytic traffic.
Membrane Endocytosis
Membrane endocytosis was estimated by the internalization and recycling of two fluorescent probes (for reviews see 23, 67) . The glucosphingolipid derivative C6-NBD-GIcCer inserts into the outer leaflet of the plasma membrane and can be removed by back-exchange with BSA. The second probe, TMA-DPH, becomes fluorescent when inserted into lipid membranes and can be removed simply by phase partition in an aqueous medium. The usefulness of these two probes to study endocytosis has been established (24, 28) , and provided similar measurements in rat foetal fibroblasts.
Both tracers showed an initial internalization efficiency of '~1% per min. Both in control and potassium-depleted cells, a steady-state was reached after 60 min when ~21% of the tracer was found intracellular and 79% at the cell surface (Fig. 5) . This steady-state represents the equilibrium between membrane internalization and recycling. Mathematical analysis indicates that ~6-7 % of the available endosomal membrane pool was filled every min by the plasma membrane lipid derivatives (Table III) .
We next followed membrane recycling with C6-NBDGlcCer (Fig. 6) . No difference was observed between control and potassium-depleted cells. The corresponding exponential parameters indicate that ~6.6% of the available membrane of endosomes were replaced every minute in control and potassium-depleted ceils (Table III) ; these param- DPH and incubated at 37°C in the appropriate simplified medium for the indicated times. Finally, cells were washed at 4°C five times with PBS-Ca 2+ and immediately assayed for fluorescence, as described in Materials and Methods. The 100% values were measured after 2 min cell labeling in PBS-Ca ~+ for control cells and in 155 mM NaC1/2 mM CaCI2 for potassium depleted-cells. Results are expressed as the percentages of lipid derivative internalized at 37°C, with respect to membrane-bound tracer at 4°C, as a function of the time. Residual value remaining after back-exchange for a 0 min incubation at 37°C was subtracted from all results (6% for C6-NBD-GIcCer and 2 % for TMA-DPH). Each value is the mean of four dishes, with variation coefficient between 2 and 19%. These experiments were repeated once with similar results. Curves represent least squares fitting, according to equation A2 (see Appendix). eters are quite similar to those estimated from the internalization experiments (see above). These results indicate that increased HRP regurgitation in potassium-depleted ceils is not due to any increase in the total amount of membrane recycled.
The fact that bulk fluid and membrane endocytic traffic were not affected by the treatment suggested that the size of primary endocytic vesicles in control and treated cells would be quite similar.
Analysis of Early Structures Involved in Fluid-phase Endocytosis
Very short pulses of HRP uptake (15-30 s) were used to identify by electron microscopy the primary structures responsible for fluid-phase endocytosis. In control cells, HRP cytochemistry resulted in labeling of both clathrin-coated and non-clathrin-coated vesicles (Fig. 7, a-d) . Non-clathrin-coated vesicles corresponded either to endocytic vesicles that had lost their clathrin coat, to primary vesicles of a clathrin-independent pathway, or to structures of the recycling pathway. The latter possibility seemed unlikely in view of the short duration of the pulses (15-30 s), and because only small vesicles were fully labeled, while very few endosomes were slightly labeled in these control cells. Primary endocytic vesicles could rapidly (after 30 to 60 s) fuse with each other (Fig. 7 c) or with preexisting peripheral endosomes, where HRP was diluted (Fig. 7 d) , as described by Griffiths et al. (15) .
Short pulses of HRP uptake (15-30 s) in potassiumdepleted cells resulted in labeling of numerous small non-clathrin-coated vesicles (Fig. 7 e) and thereafter of larger endosomes.
Because the identification of the clathrin coat was frequently questionable, due to some diffusion of the peroxidase reaction product, the size distribution of all HRPlabeled vesicles was analyzed in control and treated cells after a 15-s pulse, when there were essentially primary endocytic labeled vesicles. In control cells, the size distribution of HRP-labeled particles was superposable to that of clathrin-coated particles (Fig. 8 a) . Moreover, the size distribution of HRP-labeled particles after potassium depletion was indistinguishable from that of control cells (Fig. 8 b) .
l~'scussion
E~iciency and Mechanism of Inhibition of Receptor-mediated Endocytosis
Intracellular potassium depletion and incubation of rat foetal fibroblasts in a moderately hypertonic medium both produce a severe (,'o-90%) and reversible inhibition of receptormediated endocytosis, although internalization of receptorbound transferrin is not fully blocked. In parallel, the total membrane area of clathrin-coated pits and peripheral coated profiles is decreased to a similar extent. A first explanation is that formation of clathrin-coated endocytic vesicles is not fully arrested and that clathrin polymerization could be rate-limiting for receptor-mediated endocytosis. We have however no evidence that the smaller and less abundant clathrin-coated pits that are still detected in perturbed cells are competent for endocytosis.
Alternatively, since both perturbations do not affect endocytosis of membrane lipid derivatives, transferrin-receptor complexes could be no longer concentrated in the endocytic pits and merely follow the bulk membrane flow. Indeed, clathrin-coated pits concentrate transferrin receptor about 10-fold (17) , and conversely, truncated receptors lacking the cytoplasmic domain comprising specific sequences for concentration in clathrin-coated pits and for rapid endocytosis are still internalized at a '~10-fold lower rate ('M% of surface pool per min), corresponding to bulk membrane flow (69) .
The mechanism of inhibition of receptor-mediated endocytosis by the two procedures used here is still elusive. Potassium depletion and incubation in hypertonic medium have pleiotropic, partially overlapping effects. In particular, both treatments somehow cause abnormal polymerization of clathrin as empty microcages. Conceivably, this would deplete the cytosolic pool of soluble clathrin and prevent its recruitment into newly formed endocytic pits, while the AP2 complexes can still be detected at the plasma membrane (18, 20, 21) .
Fluid-phase Endocytosis
A reliable measurement of fluid-phase endocytosis is not trivial (70) . Moreover, except for very short pulses that are not technically easy to perform, net accumulation of tracer underestimates fluid-phase endocytosis due to vesicular regurgitation, the proportion of which varies among cell types (4) . It is reassuring to note that in control rat foetal fibroblasts, as well as in potassium-depleted and NaCItreated cells, quite similar estimates were obtained, either by direct measurement of accumulation after short pulses, or by the sum of accumulation and regurgitation after longer pulses at steady-state.
In control fibroblasts, regurgitation is suggested by a decline in the rate of HRP accumulation at '~5 min and its measured rate (106 + 14 nl/h/mg cell protein) represents a significant part of the initial clearance by fluid-phase endocytosis (261 -1-13 nl/h/mg cell protein). Computations show that the lower subsequent accumulation of the fluid-phase tracer in treated cells for pulses >5 min can be fully accounted for by enhancement of regurgitation. It can thus be speculated that the unequal decrease of fluid-phase endocytosis tracer accumulation observed in various cell types, upon blockage of the clathrin-associated pathway (11, 16, 32, 
Membrane Endocytosis
Membrane traffic analysis in control and treated cells, using the two lipid derivatives C6-NBD-GlcCer and TMA-DPH, revealed identical endocytic kinetics and steady-state values.
At equilibrium between internalization and recycling, about 20% of labeled membrane lipids reside within the cell, as compared with the cell surface. This value is very close to that found in other cells with lipid derivatives (24, 28) , or with surface glycoconjugates (7) . These levels are also in excellent agreement with morphometrical estimations on the respective contribution of the endosomal and pericellular membrane pool in BHK cells (15) . Radius (rim) Figure 8 . Size distribution of HRP-labeled early endocytic structures in control and potassium-depleted cells. Same protocol as for Fig. 7 . All labeled profiles after 15 s of HRP uptake were photographed (99 and 69 for control and potassium-depleted ceils, respectively) and size distribution of particles was determined as in Fig. 2 . Based on the clathrin-coated particle size distribution, particles with a radius higher than 140 nm were assumed to represent endosomes and were excluded from the representation (see also 16) The biochemical measurement of recycling of C6-NBDGlcCer is similar to that of transferrin (data not shown) in control rat foetal fibroblasts (t1~2 of *11 min). This value is also very close to those deduced using a morphological approach for N-[N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-e-aminohexanoyl]-sphingosylphosphorylcholine (C6-NBD-SM) and transferrin, and thus support the model of bulk flow recycling of membrane constituents such as the transferrin receptor (36) . Colocalization oftransferrin and C6-NBD-GIcCer during early stage of endocytosis and recycling has also been shown in BHK ceils (28) .
C6-NBD-GlcCer and TMA-DPH accumulate and recycle in potassium-depleted cells with kinetics indistinguishable from that of control cells. This indicates that these probes are not specifically concentrated into clathrin-coated pits. In addition, potassium depletion has different effects on fluid regurgitation and membrane recycling. We have observed that this perturbation results in enlarged and more peripherally located peroxidase-labeled endosomes, and severely inhibits the transfer of internalized peroxidase into dense lysosomes as followed by analytical subcellular fractionation (our unpublished observations). Taken together, an increase of the volume/surface ratio of endosomes, combined with a block of the transfer of fluid-phase tracer from the early endocytic, readily regurgitating, endosomes, to a later, more sequestrating compartment, provides a reasonable explanation for the enhanced regurgitation of fluid without appreciable effect on membrane lipid recycling. This interpretation is fully in agreement with the generally held model in which the bulk of internalized membrane is recycled, while a comparably much larger fraction of internalized fluid is normally transferred to lysosomes (e.g., 10).
Another glucosylceramide, N-[5-(5,7-dimethyl BODIPY~) -1-pentanoyl]-glucosylsphingosine (C5-DMB-GlcCer), has recently been shown to enter by an endocytic and a nonendocytic pathway in established human skin fibroblasts (35) . However, internalization of C6-NBD-GlcCer in rat foetal fibroblasts by a nonendocytic pathway, if any, can be neglected, since the back-exchange procedure allows to remove 94% of the tracer initially bound to the cell surface at 4°C. This level is comparable to those obtained in established human skin fibroblasts for two other probes that are internalized only (C5-DMB-sphingosylphosphorylcholine) or mostly (C5-DMB-galactosylceramide) by an endocytic pathway (35) . In addition, studies of C6-NBD-GlcCer internalization failed to detect a nonendocytic pathway for this probe in BHK cells (28) . Finally, the internalization kinetics of C6-NBD-GlcCer in rat foetal fibroblasts is very similar to that of TMA-DPH, a tracer only entering by endocytosis (24) , and is in good agreement with that of membrane glycoconjugates (7) .
Nature of the Ciathrin-independent Pinocytic Pathway
The fact that fluid and membrane internalizations are not affected in rat foetal fibroblasts when formation of clathrincoated pits is severely inhibited establishes the existence of a clathrin-independent endocytic pathway in the perturbed cells. We will now examine its structural counterpart and evaluate the relevance of the observations to untreated cells.
(a) A first hypothesis is that a distinct clathrin-independent endocytic pathway is induced or stimulated in treated ceils, possibly by enhanced recruitment of rab5 (6, 38, 71) , so as to compensate for the loss of the clathrin-associated pathway. However, the regulatory mechanism that would maintain the total endocytic traffic of fluid and membrane constant in the presence or absence of clathrin-associated endocytosis remains totally unclear. Based on the indistinguishable average diameter of endocytic clathrin-coated pits/vesicles and of HRP-labeled primary endocytic vesicles, as well as the identical rates of fluid and membrane endocytosis, in control and perturbed ceils, implying identical volume/surface ratios, it can be concluded that clathrin-independent endocytosis is supported by primary vesicles with a diameter of •150 nm. This conclusion excludes caveolae and macropinocytic vesicles. It is also in good agreement with the very close diameters of clathrin-coated and clathrin-independent primary endocytic pits/vesicles in HEp-2 cells, although no stimulation of the clathrin-independent pathway was observed after potassium depletion in these cells (16) .
(b) However, our data are also entirely consistent with the possibility that clathrin is not an essential component for the invagination and budding machinery, but is required for the specific enrichment of some plasma membrane proteins mediated by interaction with AP2 complexes. The machinery responsible for invagination and budding would not be perturbed by the two treatments, and accordingly, the traffic of fluid and membrane would remain unaffected. This unifying hypothesis, that we favor, does not exclude that pinocytic pits and vesicles, decorated or not by clathrin, can coexist in normal cells.
In isolated rat hepatocytes, hypertonicity blocks receptormediated endocytosis of asialo-orosomucoid, but does not affect fluid-phase uptake of Lucifer Yellow (40) . This result was regarded as evidence for two distinct endocytic pathways, but is also compatible with our hypothesis, which explains more easily the necessary participation of coated pits to pinocytosis and the identical activation energy required for receptor-mediated and fluid-phase endocytosis (41) .
Genetic depletion of clathrin heavy chain led to apparently opposite effects. Saccharomyces cerevisiae, mutated in the clathrin heavy chain gene, still internalized c~-factor to 30-50% of wild type (43, 58) . This could indicate that clathrin is a dispensable driving force for formation and budding of endocytic vesicles, but not for clustering of receptors. In contrast, antisense depletion of the clathrin heavy chain mRNA in Dictyostelium discoideum led to a ,,085% decrease of fluid-phase tracer accumulation (39) . Whether regurgitation was also affected was not reported.
If clathrin is not an essential constituent for the vesiculation machinery, which could be the candidate? The budding of clathrin-coated vesicles requires ATP hydrolysis and several specific cytosolic factors (51) , including the GTPbinding protein dynamin (52, 62) . Interestingly, overexpressing dynamin mutated in its GTP-binding site affects an early step of pit invagination and blocks transferrin endocytosis (19, 63) . However, the effects of mutated dynamin on fluid-phase endocytosis are contradictory, since it is blocked in shibire-derived tissues or cell lines (29, 60) , but preserved in transfected COS-7 cells (19) .
In conclusion, results presented here show that the conceptuai problem of pinoeytosis without clathrin is either to consider that clathrin-dependent or -independent endocytosis are distinct phenomena, with separate structures and molecular mechanisms, or to consider that pinocytic pits and vesicles can be decorated or not by clathrin, that provides enrichment of some membrane constituents. Until this controversy is solved, we prefer to refer to bulk pinocytosis as either clathrin-associated or non-clathrin-associated phenomena.
